The bacterium Helicobacter pylori colonizes the gastric mucosa of half of the human population, resulting in chronic gastritis, ulcers, and cancer. We sequenced ten gene fragments from pairs of strains isolated sequentially at a mean interval of 1.8 years from 26 individuals. Several isolates had acquired small mosaic segments from other H. pylori or point mutations. The maximal mutation rate, the import size, and the frequency of recombination were calculated by using a Bayesian model. The calculations indicate that the last common ancestor of H. pylori existed at least 2,500 -11,000 years ago. Imported mosaics have a median size of 417 bp, much smaller than for other bacteria, and recombination occurs frequently (60 imports spanning 25,000 bp per genome per year). Thus, the panmictic population structure of H. pylori results from very frequent recombination during mixed colonization by unrelated strains.
H
elicobacter pylori colonizes the stomachs of more than one half of the world population. It is transmitted within families and occasionally from other sources (1) . The sequence diversity of its housekeeping genes exceeds that of most other bacteria (2) and is associated with an exceptionally high frequency of distinct alleles. H. pylori sequences have a uniquely high homoplasy ratio (3) , an indirect measure of genetic shuffling. These observations are thought to result from horizontal genetic exchange during mixed colonization by unrelated strains. Geographic structure exists within H. pylori and sequences are less related between isolates from different continents than between isolates from single countries (4) .
Multiple recombinants have been isolated from one individual (5) , but the frequency and other basic parameters of recombination have not yet been estimated. The age of H. pylori is unknown, and standard methods for estimating age based on sequence diversity cannot be used without an estimated molecular clock rate.
In this report we present data on the frequency of imports and mutations within paired sequential isolates from patients from two geographical areas. A model was developed that estimates recombination size, recombination rate, and mutation frequency from such data. This model can be used to set lower limits on the age of H. pylori and other bacteria with frequent recombination.
Materials and Methods
Bacterial Isolates. Single colonies of H. pylori were isolated from sequential biopsies taken during two clinical trials. Louisiana (6) : A clinical treatment trial in the 1980s in New Orleans involving patients at high risk of infection, most of whom were black. For those patients with multiple sequential isolates, the earliest and latest were used. Colombia (7) : A trial addressing the effects of chemoprevention on the progression of precancerous lesions among Mestizos with multifocal atrophic gastritis in Narino in the Colombia Andes.
Nucleotide Sequencing and Sequence Analysis. Core fragments of seven housekeeping genes (atpA, efp, mutY, ppa, trpC, ureI, yphC) and three virulence associated genes ( flaA, flaB, vacA) ( Fig. 1) were sequenced as described (3, 4) . Regions f lanking the core fragments were sequenced by using additional oligonucleotide primers (details available on request). All sequences have been deposited in the GenBank database (accession nos. AJ418065-AJ418366).
The Model. We derived different formulas for the probabilities of three types of fragments. For each mosaic fragment, we use the lengths of three sequences: L, the polymorphic stretch, f 1 and f 2 , the flanking sequences ( Fig. 2A) . The imported fragment must have spanned length L but could have been longer because of the import of nucleotides that were identical in donor and recipient. The model considers all possible imports extending to the left (d 1 ) and right (d 2 ) of the polymorphic stretch (Fig. 2 A) . The probability that the sequenced flanking stretches {min(d 1 , f 1 ) [minimum of d 1 and f 1 ]; min(d 2 , f 2 )} are identical in donor, and recipient was estimated by the p ident [n] function, which was derived from experimental data (see below). The summed probability of generating the observed distances for all possible import sizes is
where r is the recombination rate and [n] is a size distribution yielding the probability that a recombination event is of length n.
Fragments with single polymorphisms can arise when L is 1 bp or by mutation. In this case, the total probability is Eq. 1 plus the mutation rate, .
The third formula was needed to calculate the probability of fragments that are identical between paired isolates. Under the assumption that multiple recombinational͞mutational events per gene fragment are rare, the probability of identical fragments This paper was submitted directly (Track II) to the PNAS office.
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was estimated by subtracting from 1.0 the probability of observing mutational or recombinational events:
where F is the size of the sequenced fragment and x and y are the bounds of possible imported fragments (Fig. 2B) .
is the proportion of runs of identity between paired sequences that contain at least n nucleotides. Virtual sequences were constructed for each initial isolate consisting of all sequenced fragments joined end to end. p ident [n] was estimated within and between geographic areas by pairwise comparisons from the first to the last polymorphic site within these virtual sequences. For mosaic fragments, runs of identity were tabulated within each polymorphic stretch between paired isolates. The size distribution model was implemented by using the exponential distribution.
where is the mean recombination size. The exponential distribution is very similar to the geometric size distribution that has been used to model tract lengths for gene conversion in Drosophila melanogaster (8) . The fit did not improve with a generalized gamma distribution, which contains an extra parameter.
Bayesian Parameter Estimation. The total log likelihood for all data depends on the three parameters r, , and . The likelihood for individual combinations of these parameters was calculated by summing log likelihoods from the appropriate formula for each fragment. To facilitate numerical calculation, we assumed a maximum imported size of 20,000 bp. Median estimates and credibility regions were obtained from the likelihoods by using the Metropolis algorithm (9). The Metropolis algorithm wanders stochastically through parameter space, preferentially drifting toward combinations of parameters with higher probabilities. Probability calculations depend on priors that set a range of plausible parameter values. Because only 10 5 paired nucleotides had been sequenced, mutations would not have been detected at a frequency below 10 Ϫ5 . Discrete values of log 10 () between Ϫ7 and Ϫ3 were used as a uniform prior such that half the weight is on detectable frequencies. Continuous values between Ϫ7 and Ϫ3 were used as a uniform prior on log 10 (r). A value of Ϫ7 would result in a 2% probability that one or more import ends had been observed while a value of Ϫ3 would result in over 100 ends, both of which are outside the range of the observed data. Continuous values of 1 to 4 were used as a uniform prior on log 10 (), which approximates the range of imported DNA in different organisms. The posterior was calculated as the amount of time spent by the Metropolis algorithm in each part of parameter space.
Marginal likelihoods (posterior͞prior) were calculated for each discrete value of . The marginal likelihood for each combination of r and was calculated as the sum of the likelihoods for each value of weighted by its posterior. Three repeated runs of 100,000 iterations each yielded values of r and that differed by less than 3%. Of these estimates, only that for is sensitive to the priors for the other parameters. Forced lower priors on r would have resulted in slightly higher estimates of . The program implementing this model is available on request.
Results

Sequence Differences in Sequential
Isolates. The genetic relationships of sequential isolates of H. pylori were investigated for 16 patients in New Orleans, LA (6) and 10 patients in Narino, Colombia (7). For each isolate, a total of 4,658 bp was sequenced from ten ''core fragments'' at unlinked chromosomal loci that encode seven housekeeping enzymes and three virulenceassociated proteins. The same loci have also been sequenced for other isolates from diverse global sources (3, 4) . For each core fragment that differed within a pair of isolates, Ϸ1 kb of flanking DNA was also sequenced to increase the reliability of the estimates of import lengths. Of the pairs of isolates, 24 of 26 are closely related because large sequence stretches were identical in each pair (Fig. 1, parts  1-4) . Indistinguishable whole-genome restriction enzyme patterns for 14 pairs from New Orleans (6) provide independent support for the relatedness within these pairs. The two remaining pairs from New Orleans (patients 1014 and 1040) must also contain closely related strains because of extensive sequence identities, even though they yielded distinct restriction enzyme patterns (6) . In contrast, two pairs from Colombia contain genuinely unrelated isolates because their sequences differed at all 10 loci (Fig. 1, part 5) ; they were not investigated further.
Thirteen pairs of isolates (Fig. 1, part 1 ) contained no sequence differences. Three pairs of isolates contained only single nucleotide polymorphisms (SNPs) that might reflect mutations or short imports (Fig. 1, part 2) . Six pairs of isolates differed by multiple nucleotide exchanges at one or two of the gene fragments and are likely to reflect import of sequences from other bacteria during mixed colonization (Fig. 1, part 3 ). This set of 22 pairs of sequences comprises the data set that was used for calculations of recombination rate, import size, and mutation rate.
Two other pairs (Fig. 1, part 4 ) contain related isolates, but so many loci were polymorphic that some polymorphic stretches may reflect more than one import. This possibility is supported by unusually long stretches of sequence identity within their polymorphic stretches (data not shown). The data from these two pairs could lead to biased estimates of recombination size and they were excluded from mathematical analysis.
Length of Identical Sequences Between Unrelated Isolates.
A model was devised that calculates the likelihood of the data based on the assumption that each mosaic fragment results from a single event. The likelihood depends on various parameters, including the probability that imported mosaics include flanking nucleotide stretches with identical sequences. This probability, p ident , reflects the diversity of the gene pool of imported sequences. Within-population estimates of p ident based on pairwise comparisons between patients in Colombia and Louisiana were almost indistinguishable up to 200 bp (Fig. 3 , Colombia and Louisiana). Between-population estimates were consistently lower (Fig. 3 , Columbia vs. Louisiana) than the within-population estimates, indicating that the gene pools differ between these two areas.
p ident from the imported mosaics (Fig. 3, Mosaics) resembled the between population estimate up to lengths of 100 bp and the within population estimates between 100 and 300 bp. This estimate of p ident is not suitable for calculations because it does not extend beyond 300 bp due to a limited sample size; however, it does confirm that the mosaic sequences were indeed imported from H. pylori that are similar to the populations sampled here, and justifies the use of population-based p ident estimates. The parameter estimates based on within-and between-population functions of p ident differed by less than 5%. The following parameter estimates were obtained by using an average within population estimate, weighted by the number of pairwise comparisons from each area (Fig. 3, weighted average) .
Parameter Estimates. The model calculates the likelihood of the sequence changes and identities in each fragment by summing the probabilities of all possible events that could result in these combinations. The total likelihood for all data depends on the mean recombination size , the recombination rate r, and the mutation rate . The most probable estimates of r and fell into a reasonably narrow range (Fig. 4A) , despite the presence of only eight mosaics in the data set (Fig. 1, part 3) . Analysis of simulated data (see the supporting information, which is published on the PNAS web site, www.pnas.org) showed that the model can accurately estimate mean recombination size when several of the sequences contain at least one end of the imported DNA fragment. According to the p ident distribution for H. pylori, the end of an import has probably been reached when it is flanked by identical sequences of over 200 bp. This situation applies to all but one of the sixteen ends in Fig. 1, part 3 .
The estimated value of mean recombination fragment size, , is 417 bp (95% credibility region of 259-732 bp). This number is considerably lower than estimates of recombination size after transformation or transduction in other bacteria and is comparable to estimates for gene conversion in D. melanogaster (Table  1) .
The recombination rate, r, is the rate with which recombination events start at any particular nucleotide. The estimated value of r (6.9 ϫ 10 Ϫ5 ; 95% credibility region 3.5 ϫ 10 Ϫ5 to 1.2 ϫ 10 Ϫ4 ) indicates that each pair of sequential isolates differs on average by 114 (58-200) recombination events. Based on the estimates of and r, 2.9% (1.5-4.9%) of the genome or a total of 48,000 nucleotides differ between each sequential pair of isolates because of imported DNA.
The mutation rate, , was estimated as being at most 4.1 ϫ 10 Ϫ5 (Fig. 4B) , resulting in an r͞ ratio of at least 1. This is only a maximal estimate of (and a minimal estimate of r͞) because the three SNPs that were found might have resulted from recombination rather than mutation according to the model parameters. All three SNPs led to amino acid changes (nonsynonymous exchanges). where n i is the number of potential synonymous sites in each fragment, t i is the time between isolation, and m is the number of observed synonymous mutations. Excluding fragments with polymorphic sequence stretches, the data set in Fig. 1 (parts 1-4) contains 22,950 identical synonymous sites between paired isolates taken on average 1.8 years apart, which corresponds to 42,608 synonymous bp years. As described elsewhere (20, 21) , the maximal mutation rate can be estimated from zero observed mutations according to the Poisson distribution of e Ϫm by substituting m with 2.996 (95% confidence limit) or 0.693 (50% confidence limit). These substitutions yield corresponding maximal synonymous clock rates of 7 ϫ 10 Ϫ5 and 1.6 ϫ 10 Ϫ5 , respectively. max S can be used to estimate the minimal age of H. pylori. To this end, we calculated mean D S (average pairwise difference at synonymous sites) from sequences of the core fragments from a globally representative collection [220-235 isolates except for flaA (72) and flaB (103); data not shown]. After Jukes-Cantor correction, the mean D S for H. pylori is 0.182. After division by the mutation rate, this yields a minimal estimate of 11,000 years (50% confidence limit) or 2,500 years (95% limit) since the existence of the last common ancestor of H. pylori.
The synonymous clock rate per nucleotide differs between bacterial species (22) . The maximal clock rate estimated here is roughly four orders of magnitude faster than that of E. coli or Buchnera (22) (or mammals). If the true clock rate were as low as the E. coli rate, the diversity in H. pylori would indicate that the last common ancestor of all H. pylori existed 40 million years ago. This seems unlikely because H. pylori should then be isolated from numerous different species of mammals, which is not the case.
Discussion
Family studies are an invaluable tool for discerning patterns of genetic linkage among humans and other eukaryotes. The analysis of sequential bacterial isolates is conceptually similar to family studies and provides an exciting approach for determining basic evolutionary parameters. Bacterial adaptation to the human host can result in amino acid changes in exposed outer membrane proteins (23) and genomic rearrangements (24) , but such studies had not yet been performed with selectively neutral genes. This study presents extensive sequence data on numerous pairs of sequential isolates and demonstrates that such data can be used to determine mutation rate, recombination size, and recombination rate.
The data were obtained with pairs of bacteria isolated from adults (mean age of 49 years). The time interval between each pair of isolates and their common ancestor is at least the interval between isolation dates ( Fig. 1; average of 1.8 years) . This time would be greater if the adults had been colonized with both strains over a longer time period, such as since childhood, or if the strains had already coexisted in the source of infection. Thus, our recombination and mutation clock rates are both maximal estimates.
Recombination. On average, pairs of bacteria differed by Ϸ100 DNA imports, corresponding to three percent of the genome or 50 kb. By further extrapolation from the average time of 1.8 years between isolation, half of the genome would have been replaced by import within 41 years (1.8 ϫ 22.5; calculated by solving 0.97 x ϭ proportion of genome that is unrecombined). Even if the pairs of isolates were derived from a common ancestor that last existed in early childhood, half of the genome would have been replaced within 2,200 years, a surprisingly short time interval. By comparison, 10-100 million years were needed to replace 60% of the E. coli genome (25) .
Recombination in other bacteria is less frequent. For example, excluding the import of sequences flanking the tbpB gene due to selection by the immune system, only one case of import was detected among three gene fragments from 200 isolates of Neisseria meningitidis during several years of epidemic and endemic disease (12) . Similarly, only three recombination events over 100 kb distinguish five isolates of E. coli that are thought to have diverged within the last 2,400 years (26) . No recombinations (or point mutations) were detected in six housekeeping gene fragments among 36 isolates of Yersinia pestis that have diverged in the last 1,500 years (21) . Thus, the recombination frequency within H. pylori is extraordinarily high! Import Size. The mean size of imported fragments in H. pylori is unusually small for bacteria and is comparable to the size of gene conversion in Drosophila (Table 1) . The unusually small size of imported fragments might reflect digestion of naked DNA in the gastric mucosal environment populated by H. pylori, the presence of multiple restriction endonucleases in the H. pylori genome (27) , or still other factors. Combined with the high frequency of import, small imported fragments suggest that H. pylori may be lacking mechanisms that restrict DNA import from unrelated organisms. Specific sequences, such as DNA uptake sequences in Hemophilus influenzae and the neisseriae (28) or chi-sequences in diverse bacteria (29) , ensure that import of DNA is more efficient from related than from unrelated organisms. Such sequences are probably lacking in H. pylori (30) and would also not be expected to occur routinely within the short coding fragments that were imported. In enteric bacteria, mismatch repair provides a barrier against import from unrelated organisms (31), but a complete mismatch repair system has also not been identified in H. pylori (32) .
Possibly H. pylori does not need to defend against import of DNA from unrelated organisms. It lives under a protective mucus layer (33) in an isolated, sterile environment without microbial competitors. It has been suggested that DNA import is important for adaptation to the individual host (34) and indeed one import detected here resulted in an inactive vacA gene, due to an imported stop codon (data not shown). However, extensive sequence based evidence for the importance of import to host adaptation is still lacking (35) . Furthermore, imports were not concentrated on any particular gene, unlike the situation with N. meningitidis (12) . Thus, the biological significance of frequent import of short fragments remains uncertain and may largely represent neutral events.
Age of H. pylori. No synonymous mutations were detected during a total of 42,608 synonymous bp years, leading to a maximal synonymous clock rate of 2-7 ϫ 10 Ϫ5 and a corresponding minimal age since the last common ancestor of 2,500-11,000 years. Refined estimates could be obtained through sequencing additional fragments from the same 22 pairs of isolates and͞or by comparison of paired isolates from families that have been separated for longer times.
H. pylori has been isolated from humans across the globe and sequence differences between different continents indicate that these bacterial populations have been separated for millenia (4) . The length of time with which H. pylori has been associated with humans is interesting in the context of important human milestones, such as the Ϸ13,000 years of agriculture since the end of the last ice age and the Ϸ50,000 years since global colonization by anatomically modern man (36) . The current minimal age estimate of 2,500-11,000 years needs to be refined by one to two orders of magnitude for comparison with these milestones.
Summary. The results presented here provide a paradigm for estimating basic evolutionary parameters of bacteria based on the use of sequential isolates. A method is described that can reliably estimate recombination rates and mean imported fragment size based on limited numbers of events, as long as the ends of the imports are included within the sequenced fragments. The method also has the potential to accurately determine mutation clock rates with larger data sets than were used in this analysis.
The data presented here provide direct evidence that the panmictic population structure of H. pylori is caused by very frequent recombination during mixed colonization by unrelated strains. H. pylori is characterized by the highly unusual combination of high import frequency and low import size. Recombination is so frequent that appreciable fractions of the entire genome are exchanged during the colonization of a single human, resulting in a highly flexible genome content and frequent shuffling of sequence polymorphisms throughout the local gene pool.
